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Heteroatom doping on the edge of graphene may serve as an effective way to tune chemical activity of
carbon-based electrodes with respect to charge carrier transfer in an aqueous environment. In a step
towards developing mechanistic understanding of this phenomenon, we explore herein mechanisms of
proton transfer from aqueous solution to pristine and doped graphene edges utilizing density functional
theory. Atomic B-, N-, and O- doped edges as well as the native graphene are examined, displaying
varying proton affinities and effective interaction ranges with the H3O
+ charge carrier. Our study shows
that the doped edges characterized by more dispersive orbitals, namely boron and nitrogen,
demonstrate more energetically favourable charge carrier exchange compared with oxygen, which
features more localized orbitals. Extended calculations are carried out to examine proton transfer from
the hydronium ion in the presence of explicit water, with results indicating that the basic mechanistic
features of the simpler model are unchanged.
1. Introduction
The increasing energy demand has stimulated the rapid growth
on discovering novel nanomaterials for improving the perfor-
mance of sustainable energies.1,2 Following broad study and
applications of graphene, there has been growing interest in
graphene nanoribbons as possible passive and active compo-
nents in energy generation and storage devices.3–10 For carbon-
based energy devices in an aqueous environment, the interface
between acidic/basic solutions (electrolyte) and graphene
nanoribbons therefore constitutes an important model
system.6,11–15 A complete description of charge carrier transfer in
aqueous acidic solution requires minimally an understanding of
interactions among hydrated charge carriers, water, and the
electrode surface. Proton transport in water involves the
migration of a topological defect in the water network via
a sequence of proton-transfer reactions. While there has been
much debate over many years as to the best characterization of
the topological defect, for the present purposes we couch our
discussion in terms of the hydrated proton, H3O
+, while noting
that our extended water interface calculations below do not
preclude larger clusters.
In carbon nanosheets, edge chemistry plays an important role
in the overall material properties, such that understanding the
nature of functionalized edges of graphene nanoribbons
underpins our ability to rationally design such materials for
specific applications.16–19 It is of great importance to develop
optimized electrode materials based on graphene which combine
both the intrinsic high charge carrier conductivity and chemical
stability in aqueous solutions. It is widely reported that func-
tionalized graphene nanoribbons can speed/hinder charge
carrier exchange and hence affect the overall performance of
electrodes used in diverse electrochemical devices.18,20 For
instance, recent work has shown increased charge transfer in
nitrified active carbon.21 The mechanism is believed to be
related to the incorporation of nitrogen ions near the ribbon
edge and proton transport between these species and electrolyte
or along the edge, but a detailed experimental characterization
of the mechanism remains elusive. It is thus of particular
importance to understand the interplay between doped edges
and hydrogenated charge carriers, since this can influence the
structure and stability of the charged bilayers and hence
provides a key to tuning charge transfer and improving the
electrochemical performance.
What is clearly needed is a mechanistic picture that clearly
elaborates charge carrier exchange at the interface. One method
for approaching this problem is via ab initio calculation, which
incorporates electronic structure explicitly and allows for
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correct description of chemical bond rearrangements. The
structure and dynamics of hydrated protons has been studied by
many authors by means of calculations at different levels of
theory [e.g., ref. 22–27]. In this work, we focus specifically on
the mechanism of the charge carrier transfer at graphene
nanoribbon edges from a first principle computational point of
view, considering both structural and electronic aspects. The
paper is organized as follows: we first compute energy profiles
and resultant equilibrium structures for charge carrier transfer
between the hydronium ion and bare and doped edges of carbon
nanoribbons. We then examine the effect of explicit inclusion of
water layers on the pathway for charge carrier transfer from
hydronium to the ribbon edge. Finally electronic structures are
examined to gain further insights into the charge transfer
phenomenon.
2. Computational methods
Our first principles calculations are based on density-functional
theory (DFT), as implemented in the PWSCF package.28 The
PBE (Perdew–Burke–Ernzerhof) exchange–correlation func-
tional29 within the generalized gradient approximation (GGA)
has been used. The electron-ion interactions are described with
ultrasoft pseudopotentials,30 which allow for an accurate treat-
ment with a relatively moderate plane wave cutoff of 40 Ryd. The
Brillouin zone is sampled using a k-point mesh of 7  1  1
within Monkhorst–Pack scheme31 for the nanoribbon structures.
We have performed extensive convergence tests on the planewave
energy cutoff as well as the number of k points with the criterion
that the total energy be converged to 0.02 eV/atom or better.
Zigzag shaped nanoribbons are particularly interesting as they
have localized edge states exhibiting activity. A (8, 3) supercell
of zigzag shaped graphene nanoribbon is constructed with
H-saturated boundaries on both sides except for the examined
edge atom with or without dopant, wherein the unit is eight rows
of hexagonal rings of carbon atoms (8-ZGNR) and the supercell
is three times larger than the unit. We have used a vacuum whose
size perpendicular to the nanoribbon surface and on the unsat-
urated edge of nanoribbon has been fixed to 15 A. We have
checked that such supercell size is large enough to avoid spurious
interactions between the hydronium and its periodic replicas.
Weak noncovalent hydrogen bonds play a central role in
describing the nature of molecular interactions in aqueous
environment. However, the accurate description of this interac-
tion remains a major challenge for ab initio electronic structure
theories. Density functional theory (DFT), which is widely used
in electronic structure calculations, is often inadequate in
describing such interactions because of the local or semilocal
nature of common exchange–correlation (xc) functionals in
widespread use. There are various strategies to fix this deficiency
such as xc functional which explicitly account for nonlocal
correlation, using maximally localized Wannier functional,32,33
dispersion-corrected atom-centered potentials,34,35 or damped
empirical C6R
6 corrections (DFT-D).36,37 In this work, we used
a London-type empirical correction for hydrogen bond (disper-
sion interaction) whose main idea of the algorithm consists in
adding theC6R
6 empirical potential to the exchange–correlation
potential, where R is the distance between the atoms in different
molecules and C6 is the dispersion coefficient.
3. Results and discussion
3.1. Charge carrier transfer dynamics
The molecular geometry of hydronium (H3O
+) is trigonal pyra-
midal (The molecular geometry, lowest manifold of molecular
orbitals and related parameters for validation purposes are
summarized in ESI†). Fig. 1a shows the favored H3O
+ orienta-
tion upon approach to the ribbon edge, which is reasonable given
the energetic drive to maximize orbital overlap between the
proton H+ 1s in hydronium ion and 2p states of the edge atom.
To determine the critical distances at which the proton transfer
occurs, the potential energy of the hydronium interacting with
pristine and also doped edges as a function of the separation
between the edge site and the oxygen of H3O
+ was calculated
using constrained optimization. Starting from a large separation
at 5.0 A, the separation was incrementally decreased with an
averaged interval of 0.5 A and optimization carried out at each
step. The interaction energy at any separation is calculated
according to
Eint ¼ EH3O+ -ribbon  Eribbon  mH3O+ (1)
where EH3O+-ribbon is the total energy of ribbon interacted with
hydronium, Eribbon is the energy of the bare ribbon with different
doping, mH3O+ is the total energy of a hydronium ion. Fig. 1b
shows the interaction energy profiles as a function of the
Fig. 1 (a) Initial geometry and equilibrium structures of hydronium
interacting with doped edge of grapheme nanoribbons within or beyond
critical distances d0, only first two carbon atomic layers are shown for
simplicity. (b) Relative energy profiles for transferring a proton from
hydronium to functionalized GNRs’ edge as a function of the distance, d,
of hydronium from the exposed edge.




































































interaction distance, r, of hydronium from the exposed edge.
Examination of the corresponding structures reveals that there is
a definite critical distance r0, highlighted by the half-filled
symbols in each of the lines of Fig. 1b, at which point the proton
relaxes onto the edge site and is separated from the water. This
critical distance varies between 1.0 A2.0 A for the different
dopant systems studied. The relaxation geometry of hydronium
as it approaches the edge is shown in Fig. 1a. If the hydronium
ion separation from the ribbon edge is greater than the critical
distance r0, i.e. r > r0, the final equilibrium geometry ends with
the initial geometry almost unchanged, indicating that hydro-
nium does not specifically dissociate. This leads to the formation
of a weak hydrogen bond between the hydronium ion and
nanoribbon edge with essentially no charge transfer, as one
would expect of a physisorption. However, when hydronium ion
moves within the critical distance r0 (r # r0), the ion cluster is
destabilized due to the H2O–H
+/edge Coulomb interaction and
dissociates into H+ ion and water molecule. In the successive
optimization iterations, the water molecule moves further away
from the ribbon edge leaving the leading H+ ion bonded to the
edge atom. Still, a weak hydrogen bond is formed between
dissociated proton and water molecule. The hydronium-ribbon
interactions elaborated above lend support to the model of
electrochemical proton-transfer reactions in which the rate
determining step is when a proton is passed on to the ribbon
edge, from a hydrogenated charge carrier in the solution which is
in contact with the electrode. The charge carrier transfer reaction
can therefore be represented in terms of the following equation,
H3O
+ + GNR 4 H2O + GNR—H
+ (2)
Proton transfer from the hydronium to an active ribbon edge is
barrierless in all cases studied here. The increasing critical
interaction distance r0 for H3O
+ dissociation on the ribbon edges,
specifically, 1.0 A for O, 1.5 A for C and N, and 2.0 A for B,
correlates with increasing atomic radius – an indicator of
diffuseness of the outer valence orbitals. Concomitant with its
effectively longer range interaction with the hydronium ion,
transfer of proton charge carriers is apparently optimized with
boron terminated edges amongst those considered here. This
result gives simple and transparent explanation of the experi-
mental observation that boron-doped active carbon exhibits
higher interfacial capacitance than that of boron-free carbon.38
Proton transfer from hydronium at the critical distance of 2.0 A
onto a hydrogen-passivated B-doped ribbon edge was also
examined: the exchange of proton to the active boron site
proceeds analogously in this case (Fig. S2 in ESI).
Interestingly, the interaction energy at the doped edges is in all
cases higher than the corresponding one for the pristine ribbon.
This difference may originate from the larger lattice elastic
relaxation observed in doped ribbon edges. Nevertheless, the
calculated large negative interaction energies in all doped cases
guarantee an easy transfer of protonic charge carriers to ribbon
edge when hydronium is within the effective dissociative region
of each edge (i.e., r # r0).
The chemical bond formed between the proton and the edge
atom (d1, see labels in Fig. 2) is shortest in the case of nitrogen.
This translates to a stronger bond between nitrogen edge atom
and proton and, most likely, a greater stability of the proton on
the edge and consequently a decreased likelihood of de-proton-
ation or proton transport. The hydrogen bond between the
proton and oxygen atom of the water molecule (labeled d2) is
more elongated than the chemical bond formed (d1). The bond
lengths d2, as shown in Fig. 2, decrease as the outer valence
electron density of doped element increases from boron to
oxygen. The resulting (H2)O/H
+ interaction pins water to the
surface via weak H-bonds. This result may provide some hint to
the observed hydrophobic or hydrophilic character of carbon-
based materials treated in diverse aqueous solutions. In our
cases, oxygen decorated edge is least hydrophobic. This is
consistent with the experimental observation that on pristine
graphene, which is hydrophobic but for which the measurement
of the contact angle with water show that the wetting property
can be improved by pre-adsorbed oxygen.39
Despite the shortest H-bond distance d2 on the oxygen-doped
edge compared to others, which implies the highest H-bonding
strength, the relaxed interaction energy (Eint) is the least
exothermic. Hence, our results indicate that there exists an
important balance between a hydronium ion’s ability to form
chemical-bonds and H-bonds on the edges. The stability of
a hydronium at each edge is determined by the energy gain by
forming the chemical and hydrogen bonds (edge—H/OH2). It is
more advantageous to maximize the interaction energy caused by
the covalent bonding between the edge atom and proton than to
form the hydrogen bond. This could be the reason why the
dissociated hydronium has the highest (least exothermic) energies
when interacted with the oxygen doped edges.
3.2. Mediating effect of water layer
The present ab initio calculations of the reactivity of a single
hydronium with ribbon edges suggest the involvement of
H-bonding between either the hydronium and the edge atom
(r > r0) or the dissociated water molecule and the proton (r# r0),
as highlighted as dashed lines in Fig. 1. The question naturally
arises whether H-bonding interactions with the environmental
water layers can change this balance and if there are some general
cooperativity trends that can be established. In other words, is it
possible that the bonding response of a single hydronium ion
during charge carrier transfer to the edge may not accurately
represent the response of a hydrogenated proton embedded in an
aqueous environment? To explore this question, we have
Fig. 2 On the left: supercell of doped zigzag shaped graphene nano-
ribbon with proton transferred from hydronium to ribbon edge; on the
right: atomic bond lengths for different doped ribbon edges as denoted in
the left panel.




































































proceeded with extended calculations incorporating explicit
surface water layers. This is a more demanding task from
a computational point of view because many more electrons and
relaxational degrees freedom need to be considered. While our
exploration here is preliminary and would certainly support
a fuller subsequent study, it provides useful insights nevertheless
and hence we have included it in the present work.
In the mixed H3O
+ + H2O layer, water molecules are oriented
based on the atomic structure of crystalline bulk ice. The ratio of
single hydronium to water molecules numbers in examined
model is one to eighteenth. The critical transition point defined
by proton starting to transfer from hydrogenated charge carrier,
i.e., hydronium to the active ribbon edge was studied in partic-
ular considering the mediated effect of water layer. We have done
this by making qualitative analysis of relaxation geometries as
the system is relaxed to the surface protonated state. Extensive
real time molecular dynamics would also be desirable but is
beyond the scope of the present study. The initial and relaxed
geometries are shown in the upper and lower panels of Fig. 4,
respectively. We find that the critical transition point of proton
transfer including water layer effect was consistent with the case
water-free when the exposed ribbon edge is B, C or N, in detail,
the protons break from their hydronium group and move toward
the edge of each ribbon, at respective critical distance r0 obtained
from previous study. In these examined cases, we did not observe
a strong H-bonding effect of water molecules on the main
features of hydronium dissociation. The hydrophobic domains
are formed when the ribbon is exposed to water based on the fact
that water molecules move away from the surface of ribbons
during relaxation, and the water molecule deriving from the
dissociated hydronium shifts in the same way. However, for
oxygen-doped edge, proton is not specifically transferred. It
appears that hydronium in the proximity of the oxygen-doped
edge is stabilized due to the presence of nearby water molecules,
leading to the detachment of hydronium ion in intact form away
from the ribbon edge (Fig. 3), such that the hydronium does not
specifically dissociate.
3.3. Electronic structure features
We first analyze the overall behavior of the electrostatic potential
investigating its average value along the ribbon z direction. Fig. 4
represents the average of the electrostatic potential (the sum of
the Hartree and external potentials) for the ribbons. The position
of the edge atom in pristine system is marked by a vertical dashed
line in Fig. 4. The horizontal line in Fig. 4 corresponds to the
electrostatic potential of pristine edge in vacuum (3.26 eV). It
clearly shows that deep inward from the edge the electrostatic
potentials exhibit bulk-like behavior. Significant variations in the
local electrostatic potential across the different doped edges are
apparent. These are related to the reactivity of the unsaturated
edge atoms, providing an alternative picture of how the elec-
tronic states at the bare edges react to charge carriers. The
effective electrostatic potential of hydronium ion decreases
rapidly as it approaches the edge from the vacuum. The hydro-
nium ion is effectively reduced, decomposing into water and
a chemically bonded proton with a certain degree of charge
dispersal onto the ribbon. We have also recently discovered in
a separate study that the ability to disperse additional positive
charge becomes a critical factor controlling the ability of
different types of doped ribbons to load additional protons,
specifically, the maximal loading of protons onto the substituted
ZGNR edges obeys a rule of [8–n–1], where n is the number of
valence electrons of the edge-site atom constituting the adsorp-
tion site.40
When the proton is brought in from an ‘‘infinite’’ distance to
bond with the edge atom, spatial rearrangement of electrons will
occur accordingly at the contact interface. As such, charge
carrier transfer between the proton carrier and ribbon edge is
induced solely through their interaction. Calculated electron
density difference (EDD) can be used to qualitatively estimate
the relative number and flowing directions of charge carriers
transferred between proton and the active site of doped ribbon
edge upon their interaction. EDD is evaluated from the total
charge density of the fully relaxed ribbon+hydronium
Fig. 3 Front and side views of the initial (upper panels) and relaxed
(lower panels) structures of hydronium interacting with bare edge atoms
of (a)–(d): B, C, N, and O, respectively, with the inclusion of water
molecules in the proximity of ribbon edge.




































































interaction system minus that of the system with ribbon and
decomposed hydronium separately, as shown in Fig. 5.
The effective positive charge on the proton makes it a strong
electron acceptor. This results in strong accumulation of elec-
trons at chemically bonded proton site as observed in Fig. 5,
which our DFT geometry optimizations show to be a general
phenomenon for the proton/edge of all studied materials. Elec-
tron density difference also can be a useful tool to identify the
hole transfer. Our calculated results suggests that holes will
readily moves from proton to inner ribbon atoms as visualized as
electron depletion. But the observable electron depletion is only
shown when the edge carbon atom is replaced by dopants.
Therefore, the principal proton transfer results in charge carrier
rearrangement, hole inward and electron outward, and the
formation of the contact ion pair. The charge carrier transfer
observed in proton exchange becomes more complicated in when
a strong hydrogen bond remains with the partner water molecule
next to the edge site. According to our calculations, electron
density transferred to the proton can, especially for N or O doped
edge, be partially transferred to the dissociated water molecule.
We can view the gain of electron in the O lone pair as the
hydrogen atoms in water molecule becoming more positive.
These rearrangements maximize the electrostatic attraction,
allowing for the relatively short H-bond length. Mulliken pop-
ulation analysis was carried out to determine the amount of the
transferring charge when proton was transferred from hydro-
niumH3O
+ to the doped ribbon edge (Table S1 in ESI). Mulliken
population based on the linear combination of atomic orbitals
molecular orbital method provides a rough estimation on the
partial atomic charges associated with each atom during the
transferring process. It is noticeable that transferred proton on
the B-doped edge site is characterized by large electron accu-
mulation compared to the case before transferring, also to other
doped cases, which conclusion is consistent with EDD analysis.
Charge carrier rearrangement is critical to charge transfer and
collection at the electrode. Our results here indicate that doped
ribbon edges may exhibit higher charge carrier conductivities and
that this is a complex phenomenon requiring analysis from
a number of different angles. A first principle quantum approach
is a prerequisite to teasing apart this mechanistic picture. Indeed,
not only edge-doped atoms but more generally functional groups
that induce significant charge transfer could be used to enhance
electrode design for the efficient collection of charge.
4. Conclusions
Using density functional theory we have examined mechanisms
of charge transfer upon interaction of hydrated protons with
a variety of doped carbon nanoribbons, both with and without
an explicit water environment. As the hydronium ion approaches
the exposed ribbon edge from a distance, it experiences a struc-
tural transition from simple H-bonded physical interaction to
structural dissociation. The equilibrium configuration in the
latter case ends in a chemically bonded proton to the edge and
a weak hydrogen bond interaction between proton and dissoci-
ated water molecule for all cases except the O-doped nanoribbon.
The contributions of hydrogen bonding and s-based interaction
to the overall interaction energies are evident.
The B, N, and O doped edges all show active proton affinity.
The doped edges featuring dispersive orbital characteristics, i.e.
boron and nitrogen atoms, are more energetically favourable for
charge carrier exchange, compared to the oxygen dopant with
more localized orbitals. Hence, heteroatom doping on the edge of
graphene nanoribbons may provide tenability by changing the
chemical activity of the edge with respect to charge carrier
transfer in an aqueous environment. Analysis of the charge
difference distribution reveals an obvious electrons outward
mobility to the edge, while hole density moves conversely
towards the inner side of ribbon.
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